pressed the recombinant enzyme in Escherichia coli and compared its properties with those of the Bombyx mori homolog bmSOD (Yamamoto et al., 2005b) . To the authors' knowledge, this report represents the first identification of cytosolic Cu/Zn-SOD protein of the fall webworm.
MATERIALS AND METHODS
Insect and tissue dissection. Fourth-instar larvae of the fall webworm, H. cunea were collected in a mulberry field of the Institute of Genetic Resources, Kyushu University Graduate School (Fukuoka, Japan). These were dissected on ice, and whole bodies except the intestines were stored at Ϫ80°C until use. Total RNA was extracted from their contents by acid phenol-guanidinium thiocyanate-chloroform method (Sambrook et al., 1989) .
Cloning and sequencing of the cDNA encoding hcSOD. Total RNA isolated from H. cunea larvae was subjected to the reverse transcriptase-polymerase chain reaction (RT-PCR). The first strand cDNA was produced using SuperScript II reverse transcriptase (Invitrogen) and an oligo-dT primer. The resulting cDNA was used as a template to amplify a DNA fragment by PCR with the following two oligonucleotides primers: 5Ј-ATCTTGCTA-TACTCTAAATATAACA-3Ј (sense) and 5Ј-TATT-GTAGTACCAAGCCCAACATAT-3Ј (antisense). These were designed based on the 5Ј/3Ј UTR sequence of the SOD cDNA of the silkworm, bmSOD (Yamamoto et al., 2005b ) (GenBank accession no. AB206971) and results of search for the SilkBase EST database (Bricker et al., 1990) . PCR was performed by a 35-cycle amplification (94°C for 1 min, 58°C for 1 min, and 72°C for 2 min), followed by one cycle at 72°C for 10 min. The resulting PCR product was cloned into pGEM-T Easy vector (Promega). The nucleotide sequence was determined with a Thermo Sequenase Cycle Sequencing kit (USB Corp.) using a DNA sequencer (LIC-4200, Aloka). The sequence was compared using DNASIS software (ver. 3.4) and BLAST provided by NCBI (http://www.ncbi. nlm.nih.gov/BLAST). Homology alignment was done by CLUSTALW (ver. 1.83) with 10 and 0.2 to the values of the gap creation penalty and the gap extension, respectively.
Localization of SOD mRNA. Total RNA was extracted from fat bodies, hemocytes, and midguts dissected from fourth-instar H. cunea larvae. RT-PCR was performed under the conditions described above and the primers used were the same as the ones described in "Cloning and sequencing of the cDNA encoding hcSOD". The resulting product was analyzed on 1% agarose gel, followed by staining with ethidium bromide.
Overexpression and purification of recombinant protein. The hcsod cDNA was cloned into a pGEM-T Easy vector as described above. By using two oligonucleotide primers; 5Ј-CAATATCCATA-TGCCCGCCAAAGCAGTTTG-3Ј (sense) and 5Ј-GTGGATCCTTAAATCTTGGCCAAGCCAATG-3Ј (antisense), PCR was carried out under the same conditions as described above; the underlined and double-underlined regions are NdeI and BamHI restriction enzyme sites, respectively. After digestion of the PCR product with both enzymes, the resulting fragment was subcloned into the expression vector pET-11b (Novagen) digested with NdeI and BamHI. Competent E. coli Rossetta (DE3) cells (Takara) were transformed with the plasmid harboring hcgst and the resulting cells were grown at 37°C on Luria-Bertani (LB) media containing 100 mg/ml ampicillin. After the cell density reached an optical density (OD 600 ) of approximately 0.7, isopropyl 1-thio-b-D-galactoside (IPTG, 1 mM) was added to induce the expression of recombinant protein and 50 mM ZnSO 4 and CuSO 4 were supplemented simultaneously. After further incubation for 3 h, cells were harvested by centrifugation, resuspended in 20 mM Tris-HCl buffer, pH 8.0, containing 0.5 M NaCl, 4 mg/ml of lysozyme and 1 mM phenylmethanesulfonyl fluoride (PMSF), and disrupted by sonication. Unless otherwise noted, all operations below were conducted at 4°C. The crude cell lysate was clarified by centrifugation at 10,000ϫg for 15 min and was applied to ammonium sulfate fractionation between 30% and 70% saturation. The resulting precipitate was suspended in 10 mM potassium phosphate buffer, pH 7.0, containing 0.1 mM PMSF and 1 M ammonium sulfate, and centrifuged. The supernatant was subjected to chromatography on a Butyl Toyopearl 650M column (Tosoh) pre-equilibrated with the same buffer. After washing with the same buffer to remove unbound proteins, bound proteins were eluted by linear gradient of ammonium sulfate from 1 to 0 M. Fractions containing SOD activity were combined, dialyzed against 10 mM potassium phosphate buffer, pH 7.0, and subjected to chromatography on a DEAE-Sepharose (Pharmacia) column. The recombinant protein was eluted by linear gradient of KCl from 0 to 0.3 M. Eluted proteins were resolved by SDS-PAGE (15% polyacrylamide) and visualized by staining with Coomassie brilliant blue R-250 (Laemmli, 1970) .
Measurements of enzyme activity and protein amount. Enzyme activity was determined by the method described previously (McCord and Fridovich, 1969; Ukeda et al., 1999) . In brief, the activity catalyzing the reaction of O 2 Ϫ with 4-[3-(4-indophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate (WST-1) was measured with a microtiter plate reader by absorbance changes at 450 nm. One unit of SOD activity was defined as the mass of enzyme corresponding to a 50% inhibition in the rate of WST-1 oxidation. SOD activity was expressed as enzyme units mg Ϫ1 protein. Activity staining was used to detect SOD on a polyacrylamide gel by the method reported previously (Beauchamp and Fridovich, 1971) . Tissues such as fat bodies, hemocytes, and midgut were homogenized in 70 mM potassium phosphate buffer, pH 7.8, containing 0.1% Triton X-100, and centrifuged at 10,000ϫg at 4°C for 15 min. The resulting supernatant was subjected to polyacrylamide gel electrophoresis (PAGE) (Davis, 1964) .
Circular dichroism (CD) spectroscopy. The CD spectra in the far-ultraviolet range, 200-250 nm, were recorded at 25°C with a Jasco J-820 spectropolarimeter. The enzyme concentration was 7 mM in 10 mM potassium phosphate buffer, pH 6.5, in a cell with a 0.1 cm long optical path. Data were expressed in terms of mean residue ellipticity.
RESULTS AND DISCUSSION
Cloning and sequencing of cDNA encoding hcSOD
RT-PCR performed with primers designed on the basis of cDNA encoding bmSOD produced a 545-bp cDNA clone, containing a full-length open reading frame (ORF) of 465 nucleotides. It gives a protein of 154 amino acid residues (Fig. 1) , representing a putative H. cunea SOD, which is designated as hcSOD. The theoretical molecular weight and pI of hcSOD were 15,832 and 5.65, respectively. The amino acid sequence of hcSOD showed 99, 70, 69, and 67% identities to those of SODs from B. mori, Drosophila willistoni, D. virilis, and D. melanogaster, respectively (Fig. 2) . The current hcSOD sequence showed about 60% identity with the amino acid sequences of mammals such as mouse and rat. There were six histidines, typical Cu/Zn-binding sites in the hcSOD sequence, whereas seven such residues were conserved in the other four SODs (Fig. 2) . The calculated molecular weight of the hcSOD protein (about 16 kDa) is also consistent with those of Cu/Zn-SODs isolated so far. We found that the presence of Cu and Zn ions improved the overexpression of active hcSOD in E. coli (data not shown). Based on these results, we concluded that the hcSOD is a Cu/Zn-SOD that is primarily in the cytoplasm of the cells. Besides Cu/Zn-SOD, H. cunea has previously been shown to isolate cDNAs encoding other forms of SOD (Shin et al., 1998 ; GenBank accession no. EF114291), i.e., EC-SOD present predominantly in the extracellular matrix or fluids and Mn-SOD is restricted to the inner mitochondrial matrix as reported in other organisms (Marklund, 1984; Okado-Matsumoto and Fridovich, 2001; Yamamoto et al., 2005c) , with the identities of 41 and 26%, respectively, to Cu/Zn-SOD of this species.
Tissue distribution of the transcript and enzyme
We examined the tissue distribution of its mRNA and enzyme activity at the fourth larval instar of H. cunea. First, RT-PCR was performed using total RNA obtained from the fat body, midgut, and hemocytes to characterize the expression of the hcSOD gene at the transcriptional level. The results revealed that the hcSOD transcripts were present in all three tissues examined (Fig.  3A) . The molecular sizes of the products were 550 bp, corresponding to theoretical molecular size based on its nucleotide sequence. Activity staining was then performed with the gel in which the homogenates of these tissues were run (Fig. 3B, lanes  2 to 4) . This method gave positive SOD signals, which showed no difference in size from tissue to tissue; the existence of isozymes in the tissues was undetectable by the activity staining. Similar results have been obtained when the expression of bmSOD was examined (Yamamoto et al., 2005b) . The fat body of the silkworm is a prime site for synthesis of antioxidant enzymes and detoxification enzymes (Yamamoto et al., 2005a, c; Krishnan and Kodrík, 2006) , although Krishnan and Kodrík showed, in another lepidopteran insect, Spodoptera littoralis, that the SOD activity was specifically elevated in the midgut tissues of larvae fed a plant diet (Krishnan and Kodrík, 2006) . The midgut is the site which receives direct effects of exogenous substances. These facts, together with the current findings, support the general notion that ubiquitously expressed SOD protein is important as a protectant. Cu/Zn-SOD is a constitutive enzyme, whereas the expression of Mn-SOD was induced by the exogenous stress (Hassan and Fridovich, 1978; Hjalmarsson et al., 1987; Duttaroy et al., 1997) . As seen in Fig. 3B , Mn-SOD activity was undetectable in the tissues of H. cunea, indicating that it is an inducible enzyme. Similar results were gained on the Mn-SOD of B. mori (Yamamoto et al., 2005c) . EC-SOD is not present in cytosol but in the extracellular fluids (Marklund, 1984) . It is necessary to examine the existence of EC-SOD in hemolymph of H. cunea.
Overexpression and purification of hcSOD
To characterize further the hcSOD protein, its recombinant was overproduced by E. coli Rosetta (DE3) cells with the pET-11b vector. The E. coli cells were grown in LB medium. After induction with IPTG, the cultured cells were collected and lysed. SDS-PAGE analysis of the resulting lysate indicated that the recombinant SOD (rhcSOD) was obtained in a soluble form (Fig. 4A) . The rhcSOD protein was purified to homogeneity by ammonium sulfate fractionation, hydrophobic-interaction, and anion-exchange column chromatography (Fig. 4B) . Furthermore, non-denaturing PAGE of rhcSOD, followed by activity staining, gave a single band at the same position as those of the protein extracts from various tissues of H. cunea (Fig. 3B, lane 1) . The molecular weight of rhcSOD was evaluated to be about 16,000 by SDS-PAGE (Fig. 4B) ; this agreed with the theoretical value obtained from the deduced amino acid sequence (15,832). Thus, rhc-SOD was overexpressed successfully in a soluble and functional form. The yield of rhcSOD was 3.92 mg from 250 ml LB medium, and the specific activity of purified rhcSOD was 5.78ϫ10 4 units/mg (Table 1) .
Characterization of hcSOD and comparison of its properties to bmSOD
The apparent specific activity of O 2 Ϫ -degradation was 72% that of rhcSOD than in rbmSOD (recombinant bmSOD purified previously (Yamamoto et al., 2005) as listed in Table 1 . This may be of relevance to the difference in the His/Glu mutation at position 45, one of the residues responsible for the Cu/Zn binding site (see Fig. 2 ), although further work including the site-directed mutagenesis experiment of Cu/Zn-SOD in relation to its plural metal-binding sites is necessary for fuller charac- terization of the catalytic nature. When the CD spectrum was compared in the region 200-250 nm at pH 6.5 and 25°C (Fig. 5 ), rhcSOD and rbmSOD gave quite similar patterns to each other, suggesting that the single mutation does not cause a marked conformational alteration in the protein.
The purified preparations of rhcSOD were investigated for pH and thermal stabilities in parallel with rbmSOD. After incubation at pH 5-11 at 4°C for 24 h or at temperatures below 40°C at pH 7 for 30 min, both rhcSOD and rbmSOD retained almost all their original activities ( Fig. 6A and B, respectively). We conclude that the above mutation does not influence the stability. The data for hcSOD obtained in this study are summarized in Table 1 in comparison with those of bmSOD. Both enzymes are quite similar to each other in properties except the number of Cu/Zn-binding sites and apparent specific activity. The activity of human SOD with mutation of His-46 to Arg was reduced in comparison with that of wild-type enzyme (Ratovitski et al., 1999) . Other researchers showed that electron paramagnetic resonance revealed a difference in the geometry at the active site between the SOD mutant and the wild-type (Carri et al., 1994) , although so far we have no answer to the question of whether the bmSOD His-45 is comparable to the human His-46. H. cunea is one of the most serious polyphagous pests, eating crops and broad-leaved trees including mulberry plants. It is of interest to determine how the defense mechanisms of H. cunea differ from those in B. mori, the completely domesticated insect species. In this context, our previous findings about the differences in the N-terminal amino acid sequence of Sigma-class glutathione S-transferases and their affinities to insecticides (Yamamoto et al., 2007) are of significance. The pres- Fig. 5 . CD spectra of rhcSOD and rbmSOD in the far-ultraviolet region. Spectra were measured as described in "Materials and Methods". Solid line and wavy line indicate the CD spectra of rhcSOD and rbmSOD, respectively; rbmSOD was obtained as described (Yamamoto et al., 2005b) and measured for CD spectra in parallel with rhcSOD. Fig. 6 . pH-stability and thermostability of rhcSOD and rbmSOD. Closed and open squares represent rhcSOD and rbmSOD, respectively; rbmSOD was obtained as described (Yamamoto et al., 2005b) and examined for stability in parallel with rhcSOD. (A) SODs were incubated at various pHs at 4°C for 24 h, and residual activities were determined. Citrate-phosphate-borate buffer was used in the assay. (B) SODs were incubated at various temperatures for 30 min and residual activities were determined. ent study provided information about the Cu/Zn-SOD cDNA and its expression in H. cunea. Comparison of hcSOD with bmSOD has indicated that the number of metal-binding sites was reduced by the mutation at position 45 in H. cunea. Together with catalase (Ahmad and Pardini, 1990; Sohal et al., 1990; Yamamoto et al., 2005a, b) , SOD plays a crucial role in protecting cells from toxicity of oxidative stress in insects; in fact, EC-SOD mRNA in H. cunea was induced by a bacterial challenge (Shin et al., 1998) and Cu/Zn-SOD of Bombus ignitus was up-regulated by thermal stress and injection with lipopolysaccharide, a cell wall component of Gram-negative bacteria (Choi et al., 2006) . Further experiments including real-time PCR and northern hybridization are required to assess the issue of how SOD participates in defense reaction to bacteria and oxidative stress in H. cunea, B. mori and other insects.
